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Abstract 
For the developed countries whose increase of demand of fuel energy has become slow, Japan for example, CCS 
would need to be deployed under the given conditions, such as geographical localities of large emission sources, 
social conditions facing each plant, etc. In order to address the issues emerged from such restrictions, the authors 
propose the hub-type CCS, featuring shuttle ships and socket buoys. Carbon dioxide (CO2) injection wells for 
Japan’s (or a certain country’s) CCS in the immediate future are to be located keeping proper space among one 
another within one or two intensive sea areas, so that the human and financial resources could be efficiently 
allocated to the geological survey, the environmental assessment, the public communication and moreover to 
monitoring after the launch of CCS. Then, multiple existing plants would be retrofitted to the CO2 capture facilities 
on their respective reasonable scale. Capture-ready new plants may also be fitted well to this scheme. CO2 would be 
transported by ships from the multiple sources to the storage site complex and injected to the assigned wells via 
socket buoys. This paper describes a preliminary feasibility study on CO2 ship transport system with the tentative 
size of one unit, that is, a spoke of the proposed hub-type CCS.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction  
In order to mitigate the global warming, reduction of CO2 emissions has become a great concern in the world. 
However, it is also recognized that it is quite difficult for the economic activities to escape from the dependence on 
fossil fuels in one or two decades at least. Carbon dioxide Capture and Storage (CCS) is a possible measure to
curtail CO2 emissions to the air while using fossil fuel energy, and is now broadly expected as an enabler for the 
coexistence of the existing energy supply chain and the deep reduction of CO2 emission. 
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For the developed countries whose increase of demand of fuel energy has become slow, CCS would need to be 
deployed under the given conditions, such as geographical localities of large emission sources, social conditions 
facing each plant, etc. In Japan, major CO2 sources such as fuel combusting power plants, steelworks, etc. are 
located on coastal regions in various places, and then the following issues could prevent them from implementing 
CO2 offshore geological storage. 
- Securing the storage site near the existing plants is one of major uncertain factors. Almost all of the coastal 
waters in Japan are under the fishing rights. “Not In My Back Yard” might be a voice of persons related each 
plant who have been getting on with the local community.  
- Offshore pipelines are not common because there have been little activities of the offshore oil and gas industries 
off the coast of Japan, much less for CO2 transport. Therefore, the pipeline laying would take a long time for 
arrangements of domestic regulations and for the technological and environmental assessments. 
- A unit size of one realistic project would treat one million ton-CO2 per year, which is less than 0.1 % of Japan’s 
total emission. If CCS is expected as the effective measures near future, multiple (maybe more than 10) projects 
should be domestically prepared in parallel. Offshore geological survey in detail and public relations for each 
would be a great deal of job. 
Considering these matters, the authors propose in this paper the hub-type CCS as shown in Figure 1, featuring 
shuttle ships and socket buoys. Ship transport makes “sink-source matching condition” not any more to be a limiting 
factor in the CCS deployment. Injection of CO2 from the ship through suspended pipe to the sea bottom can be 
applied even deep waters which are accessed quite easily by ships in Japan. And the cost effectiveness in 
commercial-scale deployment of CCS is pursued by unit fabrication approach rather than up-scaling of the system 
considering the relatively short distance ship transport. 
Figure 1  Hub-type CCS featuring shuttle ships and socket buoys 
2. Ship transport of CO2
Since there was no need to store and transport large amount of CO2, we have had little experiences in the world 
to construct and operate large-scale CO2 ship transport system. However, though the size is relatively small, some 
CO2 ships are actually utilized. The principal particulars of ‘Coral Carbonic’[1] is shown in Table 1, for example. 
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Table 1  Principal particulars of CO2 ship ‘Coral Carbonic’ [1] 
Main dimensions Cargo tank 
Length     Lpp 74.0 m Design pressure 1.8 MPa (18 barG) 
Beam    13.75 m Type Horizontal cylinder 
Depth      6.55 m No. of tank 1 
Mean draft     3.85 m 
Capacity 
1,292 ton at -22.5degC  
1,382 ton at -40.0degC Gross tonnage 1,825 ton 
Service speed 12.5 knot Loading rate 250 m3/hour 
Figure 2 shows a general diagram of the CO2 capture, ship transport and offshore geological storage. CO2 would 
be captured at large concentrated sources in the condition of gas at atmospheric or slightly elevated pressure. When 
the capture plant is remote from a port, the CO2 would have to be compressed and transported to the port by pipeline. 
Gaseous CO2 is fairly inconvenient as a ship cargo, because its density at atmospheric pressure is too low. 
Liquefaction before shipping is therefore necessary for volume reduction. It is common to liquefy gas for ship 
transport, as experienced commercially for LNG, LPG and other chemical materials. Another requirement before 
shipping is the temporary storage and the loading to the ship, and similar one when necessary for after shipping. 
CO2 is continuously captured but the cycle of ship transport is discrete, so buffer storage facilities at the port and at 
the storage site are required.   
Figure 2  General diagram of CO2 capture, ship transport and offshore geological storage 
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In order to assess the costs and feasibility of CO2 transport by ship aiming the use for CCS, the International 
Energy Agency Greenhouse Gas R&D Programme (IEA GHG) performed a study of “Ship Transport of CO2” in 
2004[2][3], and the results were referred in the chapter of “Transport of CO2” in IPCC Special Report on CCS[4]. In 
the study, the ship transport was considered as an alternative to pipeline, particularly in cases where the distance 
across the sea is quite long. So, the parameters in the case study were determined as follows, prospecting a long-
distance marine transport with large-size ships. 
Amount of CO2 : 20,000 ton/day 
Transport distance (one way) : 200 km to 12,000 km 
Ship capacity : 10,000 ton to 50,000 ton 
For large-scale temporary storage and transport of liquefied gas, the design pressure of cargo condition tends to be 
determined as modest as possible with trading off against necessary low temperature. Referring the phase diagram 
of CO2, the cargo conditions for such large ship were set around -50degC in temperature and 0.6 to 0.7 MPa in 
pressure.  
As a result, the following findings were obtained. Here, the cost includes both of capital and operating due to 
CO2 compression, liquefaction, temporary storage at port, and shipping. 
- The cost depends mainly on the ship size and the transport distance. Larger ships result in lower costs per ton-
CO2, but the scale merit seems saturated when the ship size reaches a certain scale. 
- The cost of short distance transport depends weakly on the distance. It is because the running cost of the 
liquefaction system accounts for a significant portion of the cost and the impact of ships and storage tanks are not 
so large in total. 
Based on the same estimated results, the authors focus their attention in case of short distance transport. As 
shown in Figure 3, it is obviously indicated that the scale merit of ship size is very little when shorter than approx. 
1,000 km. In other words, small ship to some degree has little disadvantage in cost in case of short distance transport. 
Figure 3  Influence of ship size and transport distance on cost 
(drawn by the authors in the present study based on the estimated results in ref.[2]) 
3. Unit fabrication approach
What is rate-determining for the transport system?  Probable answer is injectivity of the well, which is limited 
due to the permeability resistance of geological formation and the realistic performance of pumps. 
It is recognized that the injectivity is strongly site-specific and would be one of uncertainties for the geological 
CCS project. In this preliminary study, the reasonable unit flow rate for the system is supposed to be 3,000 ton per 
day, equivalent to 1.0 million ton per year. Consequently, the unit size of 3,000 ton per day is applied to capture and 
transport distance 
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transport stages. Eventually, study target of the transport system would be a daily shuttling of the ship with loading 
capacity of 3,000 ton.  
To determine the number of ships, the operating schedule of ship is planned considering transport distance, 
service speed of ship, loading time at port, and offshore operating time. Figure 4 shows the case of a feasible 
schedule where the transport distance is shorter than approx. 200 km (hereafter, 200 km case), and Figure 5 shows 
the case between 200 km and 800 km (hereafter, 800 km case). Here, the loading time at port is assumed 6 hours, 
that corresponds the loading rate of 2 x 250 m3/hour, and the time period for switching of ships at site is assumed 2 
hours. Consequently, 2 ships alternate each other every day in 200 km case, and 4 ships take turns with 4 days 
rotation in 800 km case. In both cases, one ship arrives at port every day for CO2 loading, and one ship arrives at site 
every day to alternate the predecessor. 
* switching period of offshore operation 
Figure 4  Operating schedule of ship transport in case transport distance is shorter than 200 km 
Figure 5  Operating schedule of ship transport in case transport distance is 200 to 800 km 
4. Plan of ship 
Figure 6 shows the preliminary outline of ship for 3,000 ton capacity, whose principal particulars are shown in 
Tables 2 and 3. 
Figure 6  Outline of CO2 ship for 3,000 ton capacity 
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Table 2  Main dimensions of ship 
Hull 
Length  LOA 85.4 m 
Length  LPP 80.0 m 
Beam 14.6 m 
Depth 6.7 m 
Draft 5.6 m 
Engine Diesel engine 2,160 PS 
Service Speed 14 knots 
Equipments 
Bow thruster 500 PS  1 unit 
Injection Facility 
Heating 
from -20 to 0 degC 
(by using seawater or waste heat 
from ship engine) 
Injection pump 
> from 2 to 10 MPa 
> capable to inject 3,000 ton 
liquefied CO2 within 22 hours
Table 3  Specification of cargo tank 
Type horizontal cylinder vessel insulated thermally 
Design pressure 
Design vapour pressure 2.0 MPa 
Test pressure 3.0 MPa 
Pressure for airtight test 2.0 MPa 
Liquefied gas conditions 
Pressure 2.0 MPa 
Temperature -20 degC 
Dimensions 
Length of cylindrical portion 12.9 m 
Diameter 10.2 m 
Total length 23.1 m 
Volume 1,575 m3
5. Socket buoy
Considering the economy, particularly for deep water applications, socket buoy is proposed in this study. The 
"socket" buoy concept is that supported by some buoy system on the sea and being able to be plugged in when the 
ship arrives at site. 
It is assumed that no offshore facilities for temporary storage are mounted, and hence the ship provides the 
injection function so that no offshore stay of staff is needed for operation.   
There are various technological options for the socket buoy as follows, and more detailed study is necessary 
considering water depth, weather and sea conditions, seabed conditions, etc.
- case using floating structure 
- floating body : hull-type, semi-submersible type, SPAR, TLP, etc.
- loading : loading arm, floating hose, suspension hose, etc. 
- injection line to well : vertical steel pipe, steel catenary pipe, flexible pipe, etc.
- case attaching and detaching with ship 
- connecting measure : submerged turret buoy, submersible flexible steel pipe, etc.
Figure 7 shows an example of the socket buoy in “mini-TLP(Tension Leg Platform)” type, which is vertically 
taut moored with several number of tendons (mooring elements) to be restricted its motion in winds and waves, and 
maintains the CO2 injection line steadily between the body at sea surface level and the sea bottom well. 
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Figure 7  Engineer’s image of mini-TLP type socket buoy 
6. Merit and demerit 
Merits and demerits of CCS by means of shuttle ships and socket buoys compared with mainly pipeline transport 
are listed in Table 4. 
Table 4  Merits and demerits of CCS by means of shuttle ships and socket buoys 
merits demerits 
- flexibility for plan change, e.g. route, inject- tivity, 
stepwise expansion of CCS project 
- water depths and transport distance could be easily 
increased 
- decommissioning is easy 
- relocation and reuse of the system is easy 
- system redundancy is high 
- cost is higher than optimized pipeline transport 
- shipping skill is necessary 
- operation is affected by sea conditions 
- additional CO2 will emitted from ship engine 
7. Concluding remarks 
Hub-type CCS featuring shuttle ships and socket buoys are proposed, and a preliminary study of the feasibility 
of CO2 ship transport system is performed. It is concluded as follows; 
- Shuttle ships and socket buoys system are promising for prompt deployment of CCS in Japan. 
- Technical feasibility of ship-based CCS extends to depths of several hundred meters with use of socket buoys. 
- Daily transport by small ships will bring about the down-sizing of on-shore and offshore facilities. The 
necessary number of ships is step-wisely increased; 200 km and 800 km are the key distances. 
- Ship-based CCS has not yet fully examined to be optimized. For example, when the transport distance becomes 
longer, large sized ships with use of offshore buffer storage tanks may be more cost-effective. 
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